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Brain-derived neurotrophic factor (BDNF), a member of the neurotrophin family, supports the survival of developing basal forebrain cholinergic neurons in vitro and is retrogradely transported by cholinergic neurons of the medial septum and diagonal band following intrahippocampal injections in vivo. To substantiate a potential role for BDNF in the maintenance of forebrain cholinergic neurons in the adult brain, we assessed the ability of BDNF to sustain the phenotype of medial septal cholinergic neurons following a unilateral transection of the fimbria. BDNF, NGF, or vehicle solutions were infused continuously in adult female rats either into the lateral ventricle (intracerebroventricularly) or directly into the septum for 2 weeks beginning at the time of the transection. In vehicle-infused animals, only 28% of the ChAT-immunoreactive neurons remained on the side ipsilateral to the lesion compared to the contralateral intact side. When infused intracerebroventricularly, both BDNF and NGF reduced the extent of the phenotypic loss, in that 44% and 88%, respectively, of the ChAT-immunopositive neurons remained on the lesioned side. lntraseptal infusion proved even more effective, in that following BDNF and NGF treatment 60% and 86%, respectively, of the normal complement of ChAT-immunopositive neurons were apparent on the side ipsilateral to the lesion. Similar results were obtained when an antibody to the low-affinity NGF receptor was used to identify the cholinergic neurons. To determine if the apparent greater efficacy of NGF compared to BDNF might be related to differences in delivery, we examined the patterns of distribution of radiolabled BDNF and NGF injected into the lateral ventricle. 12sl-BDNF showed only very little diffusion from the ventricles into the adjacent neural tissue and negligible retrograde labeling of the neurons within the basal forebrain. 1251-NGF, however, diffused readily into the brain, resulting in widespread retrograde labeling of basal forebrain neurons. A similarly limited distribution pattern was observed where BDNF was detected immunohistochemically in animals infused intracerebroventricularly (12 fig/d ) for 2 weeks. In contrast, when delivered intraseptally, the same dose of Received Nov. 6, 1992; revised Apr. 5, 1993; accepted Apr. 15, 1993 . We thank Drs. Leonard Schleifer and Jesse Cedarbaum for their interest and support, and our other colleagues at Regeneron for critical comments and helpful suggestions. We are grateful to Ingrid Van The molecular cloning of brain-derived neurotrophic factor (BDNF; Leibrock et al., 1989) has revealed its close amino acid sequence homology with NGF and enabled, by homology cloning, the identification of a family of related trophic factors, termed the neurotrophins. Members of this family exhibit distinct yet overlapping patterns of neuronal specificity as well as different patterns of expression in the periphery and CNS (Bandtlow et al., 1987; Emfors et al., 1990; Hohn et al., 1990; Maisonpierre et al., 1990a,b; Phillips et al., 1990; Rosenthal et al., 1990; Ceccatelli et al., 1991; Hallb66k et al., 199 1; Ip et al., 1993 ; for recent review, see Lindsay, 1993) .
That BDNF supports the survival and phenotypic differentiation of cholinergic neurons was first suggested by cell culture experiments (Alderson et al., 1990; Kni.isel et al., 199 1) . In lowdensity cultures, a two-to threefold increase in the survival of AChE-containing neurons as well as a two-to threefold increase in the level of ChAT enzyme activity was observed as a result of BDNF treatment. These responses to BDNF are similar to those previously described for NGF under equivalent culture conditions (Honegger and Lenoir, 1982; Hartikka and Hefti, 1988) .
Consistent with the notion that BDNF may be a target-derived trophic factor for basal forebrain cholinergic neurons, Northern analysis has revealed high levels of BDNF mRNA in the hippocampus of both the developing and adult rat brain (Maisonpierre et al., 1990b) . In situ hybridization studies, which further delineate the cellular distribution pattern of BDNF expression in the adult hippocampus, have shown relatively high levels of BDNF transcripts within pyramidal cells of the CA3 region and the granule and polymorphic cells of the dentate gyrus (Emfors et al., 1990; Hofer et al., 1990; Phillips et al., 1990) . In corroboration of these findings, BDNF immunoreactivity has been demonstrated in the pyramidal and hilar cells ofthe hippocampus (Wetmore et al., 199 1) . Also consistent with the hypothesis that BDNF may be a target-derived trophic factor, injection of lZ51-BDNF into the hippocampus resulted in retrograde labeling of neurons within the medial septum and vertical limb ofthe diagonal band (DiStefano et al., 1992) . These data are reminiscent of previous reports that described the ret-rogradc transport of '2SI-NGF from the hippocampus and neocortex to forebrain cholinergic nuclei (Schwab et al., 1979; Seiler and Schwab, 1984) .
The fimbria is the major fiber bundle through which septal cholinergic neurons project to the hippocampus (Daitz and Powell, 1954; McKinney et al., 1983; Mesulam et al., 1983) . The temporal sequence of the biochemical and cytological changes in the basal forebrain and hippocampus associated with the transection of this pathway have been well characterized (Daitz and Powell, 1954; Gage et al., 1986; Armstrong et al., 1987; Springer et al., 1987; Sofroniew and Isacson, 1988; Naumann et al., 1992) . Within l-2 weeks of transection there is a pronounced loss ofAChE and ChAT immunoreactivity within both the medial septal nucleus and the hippocampus. Retrograde labeling studies carried out by several groups have clearly demonstrated that the decline in the phenotypic neuronal markers is associated with the subsequent death of septal cholinergic neurons (O'Brien et al., 1990; Tuszynski et al., 1990) . Numerous groups have characterized the ability of NGF to rescue basal forebrain cholinergic neurons from the lesion-induced loss of phenotypic markers and eventual cell death (Hefti, 1986; Williams et al., 1986; Batchelor et al., 1989; Hagg et al., 1989; Koliatsos et al., 1990; Tuszynski et al., 1990) .
In this study, we have tested the ability of recombinant human BDNF, as compared to mouse NGF, to maintain phenotypic characteristics of cholinergic neurons following transection of the fimbria. Both intracerebroventricular and intraparenchymal routes of administration were used to compare the efficacy of BDNF and NGF infused continuously via osmotic pumps. We report herein that BDNF was more effective in maintaining the cholinergic phenotype when delivered intraparenchymally as compared to intracerebroventricular administration. A potential physiological mechanism accounting for this difference was investigated by distribution studies of BDNF, 12SI-BDNF, and lZSI-NGF. These data demonstrate that BDNF has the capability to rescue basal forebrain cholinergic neurons from the effects of axotomy.
Materials and Methods
Adult Sprague-Dawley rats (200-250 gm; Zivic-Miller) were housed four per cage at 68-74°F on a 12: 12 hr light : dark cycle. Food and water were available ad libitum. All animal related procedures were conducted in strict compliance with approved institutional protocols, and in accordance with provisions for animal care and use described in the Guide for the Care and Use of Laboratory Animals (NIH publication No. 86-23, 1985) .
Fimbria transection studies
Animals were anesthetized with a mixture of chloral hydrate (170 mg/ kg) and pentobarbital(35 mg/kg) and placed in a stereotaxic apparatus. A linear opening in the skull was made in the coronal plane, 1.6 mm posterior to bregma. The opening was approximately 5.0 mm in length, and extended from the left midline (-0.5 mm) to the right lateral edge of the dorsal surface of the skull (+4.5 mm). The limbria was transected using an ophthalmic surgical blade, sharpened on both sides at the tip. The blade was inserted into the brain to a depth of 5.0 mm. The initial penetration was made 0.5 mm lateral to midline to avoid disrupting the sagittal sinus. The blade was first moved medially to the midline and then advanced to the lateral margin of the craniotomy. This procedure was repeated three times, at insertion points 1, 2, and 3 mm lateral to the midline, to ensure complete transection of the fimbria.
Immediately after the completion of the transection procedure, a 0.5 mm burr hole was made at AP 0.0 (bregma), and 1.5 mm lateral to the midline to allow for the placement of cannulas into the right lateral ventricle. Osmotic pumps (model 2002, Alza Corp., Palo Alto, CA) were filled with recombinant human BDNF (1 mg/ml), mouse NGF (1 mg/ml), or vehicle solution (0.9% saline) and attached to the cannulas via 35 mm lengths of sterilized medical-grade vinyl tubing (Bolab Intravenous Medical Vinyl Tubing v/3). The pumps were placed into a subdermal pocket in the intrascapular region and the osmotic pump connector cannulas (28 gauge, 4.5-5.0 mm long; Plastics One, Roanoke, VA) were bonded to the skull with a cyanoacrylate adhesive. The scalp incision was closed with wound clips and the animals were maintained under heat lamps until they revived from the anesthetic.
In a second series of animals, transections of the fimbria were made as described above, but the cannula was placed more medially, 0.6 mm to the right of midline, such that the tip of the cannula was located directly within the dorsolateral septum on the side of the lesion. The osmotic pumps were filled with BDNF (1 mg/ml), NGF (200 pdrnl), or 0.9% saline.
Histology. Two weeks postoperatively, vehicle-treated and growth factor-treated animals were anesthetized and perfused transcardially with heparinized saline, followed sequentially by 4% paraformaldehyde in acetate (pH 6.5) and borate buffers (pH 9.5) (Gerfen and Sawchenko, 1984) . Osmotic pumps were removed from the animals at the time of death so that the amount of fluid remaining could be measured, providing verification that the pumps had functioned properly. Any fluid remaining in the pumps was retained for bioassay. As previously demonstrated, there was negligible loss in the biological activity of either NGF or BDNF, recovered from the pumps (Altar et al., 1992) .
Following perfusion, brains were postfixed overnight and then placed in a 30% sucrose-borate buffer solution (pH 9.5). After equilibrating in sucrose, 30 Km frozen sections were cut in the coronal plane and stored at -20°C in cryoprotectant . Sections collected at 180 pm intervals (l-in-6 series) through the septum and hippocampus were stained with thionin and for AChE (Hedreen et al., 1985) . Alternate l-in-6 series of sections through the septum were immunostained for ChAT or low-affinitv NGF receotor (LNGFR) usine. an avidin-biotinperoxidase proceduri . To en&e equivalence of immunostaining among treatment groups, representative series of sections from BDNF-, NGF-, and vehicle-infused animals were processed concurrently. Tissue sections from a normal, unoperated animal were also processed in parallel with experimental tissues as an additional control for the intensity of immunostaining across runs. Primary antibodies used for immunostaining comprised a rabbit polyclonal antiserum raised against human placental ChAT (AB 143, Chemicon, lot 06 119 1 LH) and a mouse monoclonal antibody raised against human LNGFR, mAb 192 (Chandler et al., 1984) . Free-floating sections were incubated overnight at 4°C in a solution containing the primary antibody (0.4 up/ml mAb 192 and 1:5000 dilution of AB 143). For ChAT staining.
;he &sue was then placed in a fresh solution of primary antibody (ii 2500) and incubated for an additional 24 hr. After incubation in the primary antibodies, sections were incubated in a biotinylated secondary antibody solution for 1 hr at room temperature. Affinity-purified horse anti-mouse IgG (1:200) and goat anti-rabbit IgG (1: 1000) were used for LNGFR and ChAT staining, respectively (Vector Laboratories, Burlingame, CA). Sections were then incubated for 1 hr in an avidin-biotinperoxidase complex (1:500; Vector Elite Kit), and the peroxidase visualized with diaminobenzidine (DAB). The DAB reaction product was intensified by inclusion of nickel(I1) sulfate in the chromagen solution (Hancock, 1986) . Stained sections were mounted on subbed glass slides and air dried. Some series immunostained for LNGFR were counterstained with pyronin Y before being dehydrated in alcohols, cleared in xylenes, and coverslipped.
Analysis. To assess the effects of growth factors on cholinergic neuron loss, ChAT-and LNGFR-immunoreactive neurons were counted in the medial septum, ipsilateral and contralateral to the lesion. For the purposes of this analysis the anteroposterior extent of the medial septum was defined as beginning with the first appearance of the major Island of Calleja (AP + 1.2) and ending immediately rostra1 to the crossing of the anterior commissure (AP -0.2) (Paxinos and Watson, 1986) . In most animals, this comprised eight sections in each l-in-6 series. The ventral boundary of the medial septum was defined as an imaginary line connecting the dorsal margins of the anterior limb of the commissure. Animals were included in this analysis if they met the following criteria; completeness of the fimbria lesion as assessed by the loss of AChE staining in the hippocampus, and proper location of the cannula tip as determined by examination of thionin-stained sections (i.e., location of the cannula in the lateral ventricle for the first experiment and in the dorsolateral septum for the second). These evaluations were made by an observer who was unaware of the treatment conditions. Animals Morse et al. l also were excluded if the pump had become disconnected from the and unoperated sides; cells lying on the midline were not counted. cannula or failed to operate. Animals that met the above criteria also were excluded from the analysis in a few cases where ChAT-immuImmunoreactive profiles were accepted as cells only if the perikaryon exhibited one or more distinct processes or contained a clearly defined noreactive cells were only poorly stained on the intact side.
nucleus (Tuszynski et al., 1990) . Cell counts obtained for each side of In each section, immunostained cells were counted on the operated the septum were added across all sections for each animal. Some of the data were then expressed as the ratio of immunostained neurons on the transected compared to the intact side. Analysis of variance and Dunnett's two-tailed t test were used to evaluate differences among the treatment conditions.
Distribution and transport of intracerebrally administered neurotrophins
Detection of radiolabeled NGF and BDNF. The following experiments were performed to examine the diffusion and transport characteristics of NGF and BDNF following intracerebral injections. In the first series of experiments, recombinant human BDNF and mouse NGF were radioiodinated and their biological activity characterized as described previously (DiStefano et al., i992) . Animals were anesthetized as described above and 10 ~1 of 1251-BDNF (0.42 ua. 36.7 uCi) or lz51-NGF (0.36 pg, 38.7 &I) was injected stereotaxicacy into' the right lateral ventricle by way of a 30 gauge needle attached to a 25 ~1 Hamilton syringe. The animals were reanesthetized 90 min or 20-22 hr postinjection and perfused transcardially with heparinized saline followed by buffered 4% paraformaldehyde. The brains were removed, sectioned, and processed for film and emulsion autoradiography (DiStefano et al., 1992) . Immunohistochemical detection of BDNF. Because acute injections of trace amounts of protein might not accurately reflect the distribution of larger amounts of trophic factor administered continuously, a second experiment was conducted in which the intracerebral distribution of BDNF delivered from osmotic minipumps was assessed immunohistochemically. Antibodies against recombinant human BDNF were generated by immunizing turkeys with purified BDNF in complete Freund's adjuvant for the first injection and in incomplete Freund's adjuvant for all subsequent injections. BDNF (0.2 mg) was injected on days 1,7,2 1, 35. and 56. and antibody titers were checked by ELISA on blood samples taken on days 28 and 63. The antiserum selected for use in the present immunochemical studies (lot 8C-679-1. AMGEN) had a titer of 1:20.000 as measured by ELISA, and recognized BDNF; but not recombinant human neurotrophin-4 (NT-4) recombinant human NT-3, or mouse salivary gland NGF on slot blots. The specificity of this antiserum was further tested by immunostaining sections taken from animals that had received an acute injection of BDNF into the striatum (1 w&O.5 ~1) or continuous intrastriatal infusion of BDNF or NT-3 for 12 d (12 pg/d). Tissue was prepared and sections were stained in a manner identical to that described for ChAT and LNGFR, using the anti-BDNF antiserum at a dilution of 1:lOOO or 1:5000 and a biotinylated rabbit anti-turkey IgG secondary antiserum (Zymed Labs, Inc., San Francisco, CA) at a dilution of 1: 1500. Intense staining was observed for BDNF but not for NT-3 at the intrastriatal injection or infusion sites. Preadsorption of the antiserum with 1 pg/ml BDNF overnight before incubation of tissue sections completely blocked staining. Staining was not observed when preimmune serum was used (lowest dilution tested, 1:200) in place of the primary antiserum, or when the antiserum was omitted from the primary incubation. On the other hand, staining intensity was not attenuated when the primary antiserum was preadsorbed with 1 &ml NT-3 or 100 &ml mouse NGF.
Trophic factors
Mouse NGF was prepared from adult male mouse salivary glands by the modified procedure of Suda et al. (1978) . Recombinant human BDNF was produced in Escherichia coli and purified as previously described (DiStefano et al., 1992) . Figure 2 . Histogram depicting the effect of intracerebroventricular delivery of vehicle, BDNF, and NGF on the number of ChAT-and LNGFRimmunopositive neurons. Cell counts were made in sections stained for either ChAT (A) or LNGFR (B) following transection of the fimbriafomix and a 2 week treatment with BDNF or NGF. The number of immunopositive neurons is expressed as a ratio of the lesioned versus the nonlesioned side. N = 11, 10, and 9 for vehicle, BDNF, and NGF, respectively, for the infused animals immunohistochemically stained for ChAT protein, and N = 10, 10, and 10 for animals immunohistochemically stained for LNGFR protein. **, p < 0.002, and ***, p < 0.000 1, comparing BDNF-and NGF-to the vehicle-infused animals, respectively.
Results
Effect of intracerebroventricular infusion of BDNF and NGF Two weeks after transection of the fimbria, a pronounced loss of ChAT was apparent on the operated side in vehicle-infused animals. In the BDNF-treated animals, there was a small reduction in the loss of ChAT-immunopositive neurons on the side ipsilateral to the lesion. However, NGF infused intracerebroventricularly had a pronounced effect on the rescue of ChATpositive neurons, as previously reported ( Fig. 1 ; Hefti, 1986; Williams et al., 1986) . In vehicle-infused animals the number of ChAT-positive cells ipsilateral to the fimbria lesion was only 28 f 4% of that on the intact side, whereas in animals receiving BDNF or NGF treatment 44 f 7% and 68 -t 7% of the ChATimmunopositive neurons remained on the lesioned side, respectively (Fig. 2) . Similar results were obtained when the cholinergic neurons were identified by labeling with an antibody to the LNGFR (Table 1) . In vehicle-infused animals, the number of LNGFR-positive neurons on the side ipsilateral to the lesion was reduced to 52 + 4% of the contralateral intact side. This loss was attenuated to 68 f 3% and 91 + 2% in BDNF-and NGF-treated animals, respectively. The administration of NGF produced a statistically significant attenuation of cell loss as assessed by ChAT and LNGFR staining. However, BDNF treat- Figure   3 . Photomicrographs illustrating the effect of fimbria-fomix transection on the number of septal neurons immunopositive for LNGFR or ChAT in animals treated intraseptally with vehicle, BDNF, or NGF. The intact side of the septum is to the left of each photomicrograph. Scale bar, 150 pm. ment produced a significant attenuation in the loss of LNGFRstained but not ChAT-stained neurons.
Effect of intraseptal infusion of BDNF and NGF As the rescue effect with intracerebroventricularly administered BDNF was less than might have been expected on the basis of in vitro findings, we explored the effect of a more direct delivery of trophic factors by moving the cannulas to the caudal pole of the septum. The presence of the intraseptal cannulas by itself had no effect on the decline in the number of immunopositive neurons in the vehicle-infused animals. In vehicle-infused animals, 32 + 3% of the ChAT-immunopositive neurons remained on the side ipsilateral to the lesion as compared to the unlesioned contralateral side. BDNF and NGF treatments enhanced the preservation of cholinergic neurons ipsilateral to the transection to 60 + 5% and 86 f 5% of the intact side, respectively. Similar relative increases in the number of LNGFRimmunopositive cells, from 49 + 4% in vehicle infused animals to 77 f 3% and 84 + 3% in BDNF and NGF-infused animals, respectively, were noted. In terms of cell counts, 166 + 16 LNGFR-immunopositive neurons remained on the operated side in the vehicle-treated animals compared to 248 + 19 and 333 f 28 in BDNF-or NGF-treated animals, respectively (Figs.  3,4) . Moreover, the effect ofdirect intraseptal infusion oftrophic factor was not confined to neurons nearest to the cannulas, but equally apparent at more rostra1 levels.
Distribution and transport of BDNF and NGF It is clear from functional studies in both rodents and primates that NGF delivered into the lateral ventricle can diffuse for considerable distances into the adjacent brain parenchyma. Given that the effectiveness of BDNF delivered intracerebroventricularly was significantly less than that of NGF, we compared the distribution and transport characteristics of BDNF and NGF following intracerebroventricular administration of trace amounts of radiolabeled protein. In all experiments where radioiodinated BDNF was injected into the ventricles, diffusion into the adjacent brain tissue appeared to be very limited (Fig.  54) . In emulsion autoradiograms, a continuous and extremely dense band of silver grains was apparent over the apical (ventricular) surface of the ependyma. Labeling of the ependyma was more pronounced at the shorter survival time (90 min). A dense band of BDNF-associated label was also present immediately subjacent to the ependymal layer. From this point, the density of labeling decreased dramatically with distance, such that above-background labeling in the neuropil did not appear to extend more than 200400 Km from the ventricular surface. The distribution of grains within this area was relatively homogeneous; neuronal and glial cell bodies did not appear to incorporate lZSI-BDNF selectively. Retrograde labeling of neurons within the medial septum and diagonal band was not apparent in animals killed 20-22 hr after administration of 1251-BDNF (Fig. SA) . In marked contrast to the pattern described above for Y-BDNF, 1251-NGF injected intracerebroventricularly diffused a considerable distance into the adjacent brain substance. At 90 min postinjection, NGF-associated label was densest at the level of the injection site and extended for 2-3 mm into the adjacent neural tissues. At 22 hr postinjection, diffusely distributed NGF-associated label remained apparent in the neuropil adjacent to the injection site (Fig. 5B) . In addition, neurons of the basal forebrain cholinergic system were densely labeled bilaterally, particularly within the medial septum and diagonal band nuclei. A remarkably similar pattern of BDNF distribution was apparent in experiments that employed chronic intracerebroventricular administration of unlabeled protein (12 cLg/d for 2 weeks). BDNF-like immunoreactivity was restricted to a relatively narrow band of periventricular tissues. Diffuse immunostaining at above-background levels did not extend more than 300-500 pm into the brain, even in those areas adjacent to the tip of the cannula (Fig. 5C ). Relatively few neurons within the medial septum and vertical limb of the diagonal band appeared to have incorporated and retrogradely transported the intracerebroventricularly infused BDNF, as evidenced by the presence of punctate, BDNF-immunoreactive profiles within the perikarya. Cells that transported BDNF were invariably lightly labeled and present only on the side of the infusion. A strikingly different pattern of BDNF distribution was apparent in cases where BDNF was delivered directly into the septum (Fig. 5D) . BDNF immunoreactivity was densely distributed within the tissue around the cannula tip, describing a roughly spherical zone ofdiffusion with a radius of approximately 1.5 mm. Furthermore, many retrogradely labeled neurons were present within the medial septum and vertical limb of the diagonal band in animals that received direct intraseptal infusions of BDNF (Fig. 6A) . The majority of BDNF-labeled neurons were found ipsilateral to the side of the infusion; labeled neurons were distinctly fewer in number on the contralateral side and generally were more lightly labeled. BDNF-like immunoreactivity was not apparent either at the infusion site or within neurons of the medial septum and diagonal band in animals receiving intracerebroventricular or intraseptal infusions of NGF or vehicle (Fig. 6B) .
Discussion
In vitro studies investigating the effect of neurotrophic factors on embryonic cholinergic neurons have demonstrated the responsiveness of this cell population to BDNF on the basis of both enhanced cell survival and phenotypic differentiation (Alderson et al., 1990) . The possibility that basal forebrain cholinergic neurons may be responsive to BDNF in viva is supported by recent studies that demonstrated that lZ51-BDNF, when injected into the hippocampus, is retrogradely transported by neurons of the medial septum and vertical limb of the diagonal band (DiStefano et al., 1992) . These findings for BDNF are reminiscent of those obtained for NGF (Schwab et al., 1979) , which were predictive of both physiological and pharmacological effects of NGF on the septohippocampal pathway in adult rats and primates Honegger et al., 1986; Hefti 1986; Williams et al., 1986; Fischer et al., 1987; Hartikka and Hefti, 1988; Koliatsos et al., 1990; Tuszynski et al., 1990) .
In the present study, results obtained with NGF using an intracerebroventricular route of administration were in agreement with those previously reported. However, BDNF, administered by the same route and at an identical concentration, proved to be less effective. The latter finding is contrary to those obtained from in vitro studies that demonstrated that BDNF and NGF were equipotent in maintaining the survival and phenotype ofcholinergic neurons. However, the fact that the efficacy of BDNF was greatly increased when administered into the septum tends to rule out the possibility that mature neurons are much less responsive to BDNF than during their development. Rather, these results suggest that NGF might be more readily accessible to those neurons than BDNF when the factors were infused intracerebroventricularly. This hypothesis was confirmed by comparing the distribution pattern of intracerebroventricularly infused 1251-NGF with that of lZSI-BDNF. Twenty hours after intracerebroventricular injection, '251-NGF could be localized to neurons in the medial septum, vertical and horizontal limbs of the diagonal band, and the nucleus basalis, a distribution resembling the pattern of retrograde transport observed following direct injection of lZSI-NGF into the hippocampus and cortex (Schwab et al., 1979; Seiler and Schwab, 1984 ). An identical pattern of NGF transport in the forebrain following intracerebroventricular injection has recently been reported by Ferguson et al. (1991) . In contrast, studies that employed tracer amounts of radiolabeled BDNF demonstrated that there was substantial binding to the ependymal lining with limited penetration into the subjacent neural parenchyma. Furthermore, BDNF was not retrogradely transported to an appreciable degree by any neuronal population within the brain following intracerebroventricular injection, including the cholinergic nuclei of the basal forebrain. This stands in marked contrast to the extensive retrograde transport of BDNF within non-cholinergic as well as cholinergic neurons following direct infusion into the hippocampus (DiStefano et al., 1992) .
To confirm the distribution pattern observed with the radiolabeled proteins and to assess whether differences in the total concentration of injected trophic factor and the duration of administration might alter this pattern of distribution, studies were performed in which pharmacological doses of BDNF were administered via osmotic pumps and the protein localized immunohistochemically. In spite of the notable differences in the experimental paradigms, a similarly limited distribution of unlabeled BDNF was apparent following intracerebroventricular infusions. In contrast, when BDNF was administered intraseptally, BDNF immunoreactivity was densely distributed throughout the neuropil surrounding the cannula tip. Furthermore, retrograde labeling of neurons in the medial septum and diagonal band was much more extensive in cases where BDNF was administered intraseptally rather than intracerebroventricularly. Although NGF and BDNF are structurally similar, they have distinct high-affinity receptors, termed TrkA and TrkB, respectively (Klein et al., 1989 , 1991a ,b, Cordon-Card0 et al., 1991 Soppet et al., 199 1; Squint0 et al., 1991) . The distribution of trkA transcripts is highly discrete and in the adult forebrain is localized to neurons in the striatum and basal forebrain nuclei (Vazquez and Ebendal, 199 1; Wiegand et al., 1991) . This is consistent with the distribution of forebrain cholinergic neurons that are responsive to NGF. In addition to expression as a fulllength receptor with a catalytic tyrosine kinase domain, TrkB is also expressed in truncated form(s) that lacks the kinase domain (Klein et al., 1989) . Whereas full-length trkB transcripts have been shown by in situ analysis to be present in neurons widely distributed throughout the forebrain, the adult mouse hippocampal pyramidal cell layer, and dentate gyrus, the pattern of expression of the truncated trkB receptor is very different. High levels of expression of the truncated receptor were most evident in the choroid epithelium and ependyma (Klein et al., 1990; Vazquez and Ebendal, 1991) . Thus our finding that 1251-BDNF binds to the ventricular ependyma in the rat is correlated with the presence of truncated TrkB. Numerous reports have documented the loss of basal forebrain cholinergic neurons in the latter stages of Alzheimer's disease (AD). These results along with those from rodent and primate studies (Hefti, 1986; Honegger et al., 1986; Williams et al., 1986; Gage et al., 1986; Hartikka and Hefti, 1988; Hagg et al., 1989; Koliatsos et al., 199 1; Tuszynski et al., 1990) show that NGF can ameliorate the loss of this particular neuronal population, suggest a potential clinical utility for NGF in AD. However, other neuronal populations in addition to the basal forebrain cholinergic neurons, and these do not appear to be responsive to NGF, are affected in dementia and AD pathologies . Receptor binding and retrograde transport studies demonstrate that many more neuronal types bind and transport BDNF than NGF (DiStefano et al., 1992; Wiegand et al., 199 1, 1992; Altar et al., 1993) . Furthermore, experiments that have employed Northern analysis and in situ hybridization have demonstrated a far more widespread distribution pattern for BDNF and trkB as compared to the more narrowly delineated expression pattern of NGF and trkA (Emfors et al., 1990; Hofer et al., 1990; Maisonpierre et al., 1990; Phillips et al., 1990) . Thus, the above findings as well as tissue culture and animal efficacy studies (Hyman et al., 1991; Kni.isel et al., 1991; Larkfors et al., 1991; Altar et al., 1992; Ip et al., 1993) demonstrate that more neuronal types, which are susceptible to degeneration in AD and other neurodegenerative diseases, are responsive to BDNF and not NGF. It has been suggested that decreases in the level(s) of neurotrophic factors in selected brain regions may be a causative factor in a variety of neurodegenerative diseases, including AD (Appel, 198 1) . In the case of AD, this hypothesis has not been supported by experimental evidence for NGF or the LNGFR mRNA (Goedert et al., 1986 (Goedert et al., , 1989 Hefti and Mash, 1989; Higgins and Mufson, 1989; Kordower et al., 1989; Phillips et al., 199 1) . In contrast, a loss of BDNF may be associated with the etiology of the disease as suggested by recent in situ hybridization studies, that show a decrease in the level of BDNF but not NGF mRNA in the hippocampus of brains from AD patients as compared to age-matched controls (Phillips et al., 199 1) . Taken together, these data indicate that BDNF may be relevant in the particular pathology and potential treatment of AD.
